Acoustic signals often have a significant role in pair formation and in species recognition. Determining the genetic basis of signal divergence will help to understand signal evolution by sexual selection and its role in the speciation process. An earlier study investigated quantitative trait locus for male courtship song carrier frequency (FRE) in Drosophila montana using microsatellite markers. We refined this study by adding to the linkage map markers for 10 candidate genes known to affect song production in Drosophila melanogaster. We also extended the analyses to additional song characters (pulse train length (PTL), pulse number (PN), interpulse interval, pulse length (PL) and cycle number (CN)). Our results indicate that loci in two different regions of the genome control distinct features of the courtship song. Pulse train traits (PTL and PN) mapped to the X chromosome, showing significant linkage with the period gene. In contrast, characters related to song pulse properties (PL, CN and carrier FRE) mapped to the region of chromosome 2 near the candidate gene fruitless, identifying these genes as suitable loci for further investigations. In previous studies, the pulse train traits have been found to vary substantially between Drosophila species, and so are potential species recognition signals, while the pulse traits may be more important in intra-specific mate choice.
INTRODUCTION
Both sexual selection and speciation processes are important research areas in evolutionary biology (Jones and Ratterman, 2009) . Speciation depends on the evolution of reproductive isolation between populations. Reproductive isolation often relies on divergence of courtship signals and preferences, which may occur because of sexual selection (Ritchie, 2007) . Among courtship signals, acoustic communication is one of the most common and well-studied channels (Coleman, 2009) and it has been found to have a crucial role in the reproductive behaviours of many birds, mammals, frogs and insects.
Males of almost all fruit fly (genera Sophophora and Drosophila) species studied so far produce complex courtship songs by vibrating their wings (Ewing and Miyan, 1986; Talyn and Dowse, 2004; Hoikkala and Mazzi, 2009 ). These songs are species specific and often serve as a component of the critical set of signals females use to recognize conspecific males (Kyriacou and Hall, 1980; Ritchie et al., 1998) . Intra-specific variation in male acoustic signals also has a role in sexual selection influencing mating decisions of females, for example, in distantly related Drosophila melanogaster and Drosophila montana (Aspi and Hoikkala, 1995; Talyn and Dowse, 2004) . However, the roles of chemical, visual, tactile and acoustic signals in sexual selection and species-recognition vary between species (Cobb et al., 1986) . In some species, like Drosophila subobscura (Ewing and BennetClark, 1968 ) and several Hawaiian picture-winged Drosophila species (Hoikkala et al., 1989) , the males do not produce any song during courtship, while in other species, for example, D. montana and Drosophila ezoana, the song is an obligatory step leading to insemination (Hoikkala, 1988) . Research on the genetic control of the song characters in D. montana is particularly relevant to understanding the evolution of reproductive barriers based on acoustic cues. It is a model for addressing important and unresolved questions in the evolution of reproductive isolation, such as whether genes under sexual selection are located on autosomal or sex-linked chromosomes (Qvarnström and Bailey, 2009 ), or whether the same genes control variation within and divergence between species (Gleason and Ritchie, 2004) .
Quantitative trait locus (QTL) analysis allows one to assess the number, nature and genomic locations of loci affecting traits of interests. Genome scans employing anonymous DNA markers, like microsatellites or single-nucleotide polymorphisms (SNPs), can be used to identify the genetic architecture of QTL underlying complex quantitative traits. If candidate genes (genes previously identified as having an effect on the trait) are implicated in QTL peaks, the natural next step is to examine these further, to dismiss or confirm their potential involvement. By using molecular markers located within candidate genes, one can better evaluate their potential contribution to the traits. This type of approach has been especially successful in explaining intra-specific trait variation (reviewed in Haag and True, 2001; Fitzpatrick et al., 2005) .
There are many QTL studies examining patterns of inheritance of song characters within and between species, but only a few studies so far have supplemented QTL techniques with candidate gene approaches (reviewed in Hoikkala and Mazzi, 2009) . Targeted mutation of known genes in D. melanogaster (subgenus Sophophora) has provided candidate genes for the evaluation of mapped QTL in fly species other than D. melanogaster. Many mutations are known to alter the pattern of male courtship song in D. melanogaster (Gleason, 2005) .
Our study species, D. montana, belongs to the Drosophila virilis species group, and has courtship song consisting of polycyclic sound pulses arranged in pulse trains (Hoikkala and Lumme, 1987) . This species inhabits temperate forests of the northern hemisphere, forming several distinct genetic clusters between and within the continents . Earlier studies revealed significant differences in several song characters, wing shape and genital morphology, between populations from distinct geographic regions (Suvanto et al., 2000; Klappert et al., 2007; Routtu et al., 2007) . The identification of polymorphic microsatellite markers in D. montana has led to the construction of a linkage map and to the mapping of QTL for song carrier frequency (FRE) differences between populations (Schäfer et al., 2010) . The largest QTL mapped to an area of low recombination, containing many loci. With the D. virilis genomic sequence being recently published (Clark et al., 2007) , development of molecular markers for candidate genes in nonmodel species from this species group has become much easier and we have exploited this opportunity to include candidate loci in our analysis of song variation in D. montana.
Specific objectives of this study were the following: (1) to develop genetic markers within candidate genes for song characters in D. montana; and to add them to the microsatellite linkage map described in Schäfer et al. (2010) ; (2) to include data on five additional song characters; and (3) to identify and describe QTLs responsible for the divergence of courtship song between two strains originating from natural populations in order to elucidate the genetic architecture of a complex quantitative trait. More generally, we aim to compare the results obtained with published results on QTL in the other species from the D. virilis group. In this way, we will provide insights into whether the loci accounting for song variation within a species are the same as the ones causing divergence between species and also into whether the number and locations of these loci are similar to those already known. At the same time, the candidate gene approach allows us to test the relationship between the loci for which song aberrations have been found in the model species and those underlying naturally occurring variation in song production in a non-model species.
MATERIALS AND METHODS

Insect material and song characters
We worked on a cross between two strains described in Schäfer et al. (2010) known to be divergent for song characters. The two genetically variable isofemale strains representing natural populations from Finland (Oulanka, O3F66) and from the USA (Colorado, C3F13) were kept under laboratory conditions for approximately 1 year before crossing. The males of the Finnish population have earlier been shown to have higher song carrier FRE than the ones from the North American population (Klappert et al., 2007; Routtu et al., 2007) . Females and males from the parental strains were reciprocally mated en masse to produce a large number of offspring. The resulting F1 generation consisted of two types of offspring: F1A (from C3F13 females and O3F66 males) and F1B (from O3F66 females and C3F13 males). Individuals from the F1 generation were mated within and between the groups in four F2 combinations: F1AxF1A (F2AA), F1AxF1B (F2AB), F1BxF1B (F2BB) and F1BxF1A (F2BA) (parental females are always listed first in the cross code). Courtship song was recorded at 20±1 o and analysed as described in Schäfer et al. (2010) . Song data for 64 males from the P generation, 48 males from the F1 generation and 723 males from the F2 generation representing the upper and lower 30% of the song FRE distribution were included in QTL analysis. In addition to the song carrier FRE analysed in Schäfer et al. (2010) , we also analysed the following song characters: cycle number (CN), pulse length (PL), pulse number (PN), pulse train length (PTL) and interpulse interval (IPI). A schematic representation of these song traits is presented in Figure 1 . Mean values from three measurements of each song character for each individual were used for statistical analyses.
Candidate gene markers and PCR
We developed new markers for polymorphisms segregating between the two D. montana populations in 10 candidate genes for song characters, from the list provided by Gleason (2005) : black (bla), cacophony (cac), cystein string protein (csp), ebony (ebo), fruitless (fru), maleless (mle), paralytic (par), period (per), slowpoke (slo) and temperature-induced paralytic E (tip). These candidate genes were selected because they have been found to affect male courtship song in D. melanogaster and we were able to use genome sequence data from D. melanogaster and D. virilis to design primers that amplified part of the target locus from D. montana. To develop the markers, we based initial sequencing primers on the published D. virilis genome and used them to sequence fragments of candidate genes from three random individuals from each of the two parental D. montana strains (O3F66 and C3F13). The sequences were screened for polymorphism and the sites that differed most in allele FRE between the parental strains were used for marker development. The list of candidate genes included in our study, with their genomic location, type and sequences of respective PCR primers are presented in Supplementary Table S1 . The alignments of PCR-amplified DNA sequences that form the basis of the developed markers are included in Supplementary Figure S1 . Representative sequences have been submitted to GenBank with accession numbers HQ889727 to HQ889746.
Seven of the candidate gene markers were based on the presence-absence of small indels (1-15 bp insertions-deletions) within the PCR-amplified sequence. The amplified fragments of different length were fluorescently labelled and visualized on an Applied Biosystems 373048-capillary DNA analyser (Applied Biosystems, Lincoln, NE, USA). Each 10 ml PCR reaction mix contained 1ml of template DNA (1:20 dilution in ultrapure water), 1 ml of 10Â Mg-free reaction buffer IV (Bioline, London, UK), 1 mM MgCl 2 , 2 mM of each dNTP, 5 mM forward and 0.5 mM reverse primer and 0.5 mM of universal FAM or HEX fluorescently For the remaining three genes (para, black and ebo), the markers were based on SNPs. The initial PCR step resulted in amplification of sequence fragments of the same length, but differing in SNP composition. The PCRs were carried out in 20 ml reactions made of 2-3 ml of template DNA (1:20 dilution in ultrapure water), 2 ml of 10Â Mg-free reaction buffer IV (Bioline), 1.5 mM MgCl 2 , 2 mM of each dNTP, 7.5 mM of forward and reverse primers, and 0.1 U of Taq DNA polymerase (Bioline) per reaction. Thermal cycling program consisted of 95 1C for 3 min, then 95 1C for 1 min, 61 1C for 1min, 721C for 1 min, for 30 cycles, followed 72 1C for 5min. PCR-amplified DNA fragments containing SNPs were digested with restriction enzymes, which selectively cut the DNA strands at one of the SNP variants. We used restriction enzyme FokI for the paralytic gene marker, NotI for black and SexA for ebo. Digestions were carried out following the manufacturer's instructions (New England BioLabs, Ipswich, MA, USA). The resulting DNA fragments were then resolved on high-resolution agarose (RESponse Research PCR agarose 335010, RESoure Line Agaroses BIOzym) containing Syber-Safe (Invitrogen, Carlsbad, CA, USA) and visualized under ultraviolet-light.
Analyses
We compared song characters between strains and generations and calculated correlations among different song traits in the F2 cross generation using R software version 2.11.8 (R Development Core Team, 2008) , as for most of the subsequent analyses we first tested for associations between alleles of candidate gene markers and song characters using a linear regression approach. In the next step, existing data on microsatellite genotypes and song carrier FRE were supplemented with genotypes for the 10 candidate gene markers and five additional song characters. New markers were added to the microsatellite linkage map using the program MAPMAKER v.3.0 (Lander et al., 1987) . The updated map was subsequently used in QTL analyses with the R/qtl package version 1.15-15 (Broman et al., 2003) to map QTL and test for epistasis by the Multiple Imputation Mapping method. We chose this method because it copes well with non-normally distributed phenotypic data (for example, due to selective genotyping) and with missing genotype information ). Logarithm of odds (LOD) significance thresholds for QTL detection were established using 3000 or 1000 permutations for single-QTL and two-QTL scans, respectively. We calculated 95% approximate Bayesian Credible Intervals for the detected QTL. As many song characters appeared to be inter-correlated, principal component analysis (PCA) was carried out to reduce data dimensionality and further analyse the relationship between song variation and genetic variation using QTL techniques, as outlined above. For performing PCA, we used a Bayesian method, which can deal with incomplete data via missing value imputation, implemented in the bpca function in the pcaMethods R package (Stacklies et al., 2007) .
RESULTS
Male courtship song characters
We measured six characters of the courtship song of D. montana males (Figure 1 ) to capture the complexity of this signal. We found significant variation between the two parental strains C3F13 and O3F66 in all measured song traits (t-test, Po0.001, Supplementary Table S2) except PTL. Males from C3F13 had more cycles per pulse (CN) and longer pulses (PL) than O3F66 males. Also, IPIs were longer in the former than the latter. In contrast, we observed fewer pulses (PN) per pulse train in C3F13 individuals, which cancelled out the effect of having longer pulses and resulted in a lack of difference in PTL between the two strains. Individuals from the F1-and F2-crossgenerations showed intermediate and highly variable values of the courtship song characters, in comparison with the two parental strains (Figure 2 ). The high variance of the song traits in the F2 suggests that few loci of large effect might be responsible for song divergence.
We calculated pairwise correlations among song characters in the F2 and found that most characters are significantly correlated (Table 1) . Song carrier FRE appeared to be strongly related to CN, but not to PL. There was also no significant association between carrier FRE and PTL, or number of pulses in a train (PN) and IPI. On the other hand, strong correlations (r40.5) were observed between PL and CN, PTL and PN, and PL and IPI.
PCA on the song characters resulted in two reduced axes, PC1 and PC2, which accounted for 36% and 28% of variation, respectively. The distribution of scores and loadings of the song characters for the first two principal components are shown in Supplementary Figure S2 . Song traits CN, PL, IPI and FRE had negative loadings for PC1, while PTL and PN had positive loadings for PC2. As a result, PC1 represented mainly variation in song pulse structure and PC2 represented variation in song pulse trains.
Candidate genes-single marker regressions Single marker regression analysis revealed significant associations between song carrier FRE and three candidate gene markers: strong for ebo and fru, and weak for slo (Supplementary Table S3 ). CN in a pulse, a character closely correlated with FRE, was also associated with markers ebo and fru, while PL was linked to fru only. IPI values were also associated with markers ebo and fru, and additionally with per. Two strongly correlated traits related to pulse train properties, PTL and PN, were associated mainly with another candidate gene marker slo.
Linkage map
Genotype information from 10 candidate gene markers was added to the existing genotype data for 42 microsatellites from a previous study (Schäfer et al., 2010) to construct a refined linkage map. The order and marker distances inferred from the extended data set were in agreement with those published earlier, with candidate gene markers per, par and cac mapping on the X chromosome, markers ebo, fru and slo on chromosome 2, markers tip and csp on chromosome 3, marker bla on chromosome 4, and marker mle on chromosome 5 (Supplementary Figure S3 ).
Single-QTL mapping
Logarithm of odds (LOD) profiles for six song characters from single-QTL scans along the five chromosomes are shown in Figure 3 . A summary of the identified QTL is given in Table 2 along with the names of markers falling into the confidence intervals harbouring each QTL. The analyses revealed two main intervals containing significant QTL for courtship song characters. The first interval was located on the X chromosome at positions 96-148 cM (most conservative 95% Bayesian Credible Interval) and contained overlapping QTL peaks for two correlated characters: PTL and PN per train. This interval also contained a marker for the candidate gene period (per). Allele effect plots (Supplementary Figure S4) showed that the per allele most common in the parental strain O3F66 (Oulanka, Finland) is associated with high values of PTL and PN. The second detected interval with significant QTL was located on chromosome 2 between 36 and 88 cM and contained LOD peaks for four inter-correlated song characters: carrier FRE, CN per pulse, PL and IPI length. Markers for the candidate genes fru and ebo fall into this interval. Allele effect plots (Supplementary Figure S4) for these two genes showed that the alleles prevalent in the parental strain O3F66 are associated with lower values of these four song characters and they are largely dominant over the alternative alleles. Hence, all allele effects are in the expected direction given the parental differences.
The results of single-QTL mapping using the first two principal components of song trait variation revealed a very similar pattern Candidate genes and courtship song QTL M Lagisz et al (Table 2 ). PC1, representing mainly pulse-associated traits, had one major-effect QTL at the same location as FRE, CN, PL and IPI. PC2, representing pulse train-associated traits, had one QTL at the same location as PTL and PN, but also a second QTL on chromosome 2 close to microsatellite marker mon40 (Supplementary Figure S5) .
Two-QTL mapping
The possibility of multiple QTL, suggested by the multiple peaks in the LOD curves was assessed by a two-QTL analysis. At the same time, the possibility of epistasis (interactions between two QTL) was tested. The results provided some evidence for the existence of more than one QTL for song characters, but no evidence for epistasis (Supplementary  Table S4 ). For song characters PN and PTL, both with major-effect QTL on chromosome X, two additional QTL were indicated on chromosome 2. For FRE and IPI, both with major-effect QTL on chromosome 2, a second QTL was suggested on chromosome X; while for CN an additional QTL was suggested on chromosome 3. When the analyses were carried out for PC1 and PC2, similar conclusions were obtained (Supplementary Table S4 ). PC1, representing mainly traits PL, CN, IPI and FRE, had one major-effect QTL on chromosome 2, position 64 cM. For PC2, representing mainly traits PN and PTL, at Candidate genes and courtship song QTL M Lagisz et al least two weak-effect QTL were indicated on chromosomes X and 2. The results of two-QTL analyses have to be treated with caution, however, because of the unresolved statistical problems linked to the use of X chromosome data ).
Stepwise QTL mapping
We performed stepwise QTL analysis to further evaluate the possibility of more than one QTL for song characters. A forward-backward model selection procedure was used to identify the best model, with model choice made via a penalized LOD score (Manichaikul et al., 2009) . The procedure yielded a set of genetic models that were largely consistent with the results of single-and two-QTL scans. First, it
showed that single-QTL models are most likely for the song characters FRE, CN, PL and IPI, with one major-effect QTL located on chromosome 2 near the candidate genes fru and ebo. These models explained between 4 and 16% of the variation in these song characters and had an associated P-value o0.00001 (except IPI, P¼0.0002). Second, in line with the two-QTL scans, PN in a pulse train appeared to be associated with three QTL: one on the X chromosome (near candidate gene per) and two others, one near each end of chromosome 2 (one near candidate gene slo). The model explained 11.5% of the variation and had an associated P-value o0.00001. Finally, the analysis showed that a no-QTL model is most likely for the PTL (it is likely that this represents the duration of courtship bouts, which is determined by an interaction between males and females). The results of analyses using principal components to summarize variation in the song traits suggested that single-QTL models were most likely for PC1 and PC2: PC1 having a QTL on chromosome 2 at the location around 62 cM (near candidate gene marker fru), and PC2 also having a QTL on chromosome 2 at the location around 6 cM (near microsatellite marker mon40). These results are summarized in Supplementary Table  S5 and Supplementary Figure S6 . It has to be noted that the penalized LOD score criterion is currently defined only for autosomal loci , and thus analyses performed using the stepwise model selection algorithm on the data with the X chromosome should be considered with caution (QTL on X chromosome being less likely to be detected).
DISCUSSION
In this study, we have identified several QTL associated with the divergence of male courtship song between the two natural strains of D. montana, C3F13 and O3F66 from the USA and Finland, respectively. The six song characters we investigated fell into two types: traits related to pulse properties (FRE, CN, PL and IPI, the latter strongly correlated with PL) and traits related to pulse train properties (PTL and PN). This division was reflected in principal components PC1 and PC2, and was associated with different QTL. Single, two and stepwise QTL mapping analyses revealed one major-effect QTL on the second chromosome influencing all pulse traits. A similar QTL was earlier identified as the main QTL for song carrier FRE by Schäfer et al. (2010) , where this QTL was found to coincide with a region of low recombination, possibly harbouring the polymorphic inversion 2Y (Morales-Hojas et al., 2007) . In contrast to song pulse traits, the song characters related to PTL (PTL and PN) were found to have a minor- Abbreviations: CI, approximate 95% Bayesian credible interval; CN, cycle number; FRE, frequency; IPI, interpulse interval; PL, pulse length; PN, pulse number; PTL, pulse train length; QTL, quantitative trait locus. Listed are QTL found to be significant (Po0.05) using the multiple imputation method with genome-scan-adjusted P-values for each LOD peak. QTL are ordered by chromosomal location. R 2 'generalized' R 2 derived from Nagelkerke (1991) as R 2 ¼1-10 (À2 LOD/n) , where n is the number of observations (value calculated for the peak position of the QTL). Candidate gene markers falling into the CI are highlighted in bold. For description of song characters refer to Figure 1 . Candidate genes and courtship song QTL M Lagisz et al effect QTL on the X chromosome, with PN having at least one additional QTL on an autosome. QTL for the pulse train characters were relatively weak and explained a small proportion of variation (4-6%), suggesting polygenic determination of these characters. The auditory signals produced by males have a role in mate choice and species recognition. Different song characters are responsible for these two functions in D. montana (reviewed by Hoikkala et al., 2005) and our study contributes to understanding whether these traits are determined by the same or different QTL. Among the six traits we used to quantify song variability, song carrier FRE has been shown to be an important factor in mate choice (Aspi and Hoikkala, 1995; Ritchie et al., 1998; Klappert et al., 2007) . Females from the Finnish population prefer males with high-FRE song (Ritchie et al., 1998 (Ritchie et al., , 2001 Klappert et al., 2007) and in this population song FRE correlates positively with male condition and offspring survival (Hoikkala et al., , 2008 . PL and CN also have a role in sexual selection in the Finnish flies, with females preferring shorter pulses with more cycles per pulse (Aspi and Hoikkala, 1995; Ritchie et al., 1998 Ritchie et al., , 2001 , which, consequently, results in preference for high song FRE. However, female preferences can differ between populations-flies from the Colorado population were shown to respond more to songs with lower carrier FRE and, thus, different song traits are likely to be selected for by Colorado females (Klappert et al., 2007) . Despite this observation, we can reasonably assume that FRE and other pulse traits evolve under sexual selection in most populations, and therefore, might be expected to be controlled by X chromosomal genes (for example, Reinhold, 1998) . We found no evidence for such sex-linkage, as only a single major-effect QTL was revealed on the second chromosome for the pulse-related song traits. This result is in agreement with work on inbred and outbred D. montana strain hybrids (Aspi, 2000; Suvanto et al., 2000) and with studies on species from the D. melanogaster group (Colegrave et al., 2000; Gleason and Ritchie, 2004) , which indicated that most song traits were influenced by factors on the autosomes. Although the evidence favouring sex-linkage of genes influencing sexually selected traits is quite strong, it may depend on the mechanism of sex determination (Qvarnström and Bailey, 2009) .
To date, within-species genetic variation in male song traits has only been studied in two other species from the D. virilis group: D. virilis and Drosophila littoralis. In the former species, the genetic basis of PN and PTL was initially shown to be mainly autosomal and polygenic (Huttunen and Aspi, 2003) . Subsequently, significant QTL affecting PN were located on the X and on chromosomes 2, 3 and 4, and QTL located on the third chromosome were linked to PTL variation (Huttunen et al., 2004) . In D. littoralis, FRE and CN were found to be mainly determined by loci on chromosome 2 (Hoikkala and Lumme, 1990) , as in our results. Contrary to our findings in D. montana, the IPI of D. littoralis was linked to factors on the X chromosome. However, the IPI of D. littoralis song (B300 ms) is much longer than that of D. montana (o40 ms) and the genes affecting IPI in the former species could well be the same ones that give rise to species differences in this trait.
We addressed an additional important question on the relationship between the loci for which song aberrations have been found in the model species and those underlying naturally occurring variation in song production in non-model species by adding candidate gene markers to the D. montana microsatellite linkage map created for QTL mapping. Candidate genes were used as markers in QTL analyses to determine whether they potentially contribute to QTL peaks. We found that, out of the 10 candidate genes studied, 2 genes consistently fell into confidence intervals of QTL. The QTL for pulse train traits (PTL, PN) located on the X chromosome harboured markers for the candidate gene period. This regulatory gene has long been known for its effects on circadian rhythm and song rhythm in D. melanogaster and other related species (Kyriacou, 2002) . The mutations in period investigated by Kyriacou and Hall (1980) affected periodic oscillations of IPI, but not mean IPI or the pulse duration. Although D. montana is not known to have the long IPI cycles coded by the period gene in species of the D. melanogaster group, our result implies that this gene may influence other pulse train traits in D. montana. This suggestion comes from a study on courtship song of Bactrocera cucurbitae flies (Miyatake and Kanmiya, 2004) . The investigators investigated the relationship between circadian locomotor rhythm (controlled by period) and courtship song traits. They found a positive correlation between the length of the locomotor circadian rhythm and length of the interval between pulse trains, which was not investigated in our study. In contrast, pulse train duration (PTL) in Bactrocera was not linked to circadian rhythm.
The QTL for pulse traits (FRE, CN, PL and IPI) located on the second chromosome harboured markers for the candidate gene fru. Fru belongs to the group of sex-determining genes that alter the courtship behaviour of the males, including song production (reviewed by Baker et al., 2001) . It is known to have a major role in masculinising the male components of the central nervous system and influencing the production of the courtship song. Mutations in the fru gene in D. melanogaster caused complete absence of song or a pulse song of low quality, expressed as fewer pulse trains per minute, lower mean number of pulses per train and shorter IPIs (Villella et al., 1997; Rideout et al., 2007) . Although the latter is not strong evidence for the function of fru in intra-specific song variation in D. montana, at least it shows that relevant traits are affected in D. melanogaster. The nonA/ dissonance gene is also known to influence pulse cycle shape in flies of the D. virilis group (Campesan et al., 2001) : we attempted to develop a polymorphic marker for this gene, with no success. However, nonA is located next to cacophony in the D. virilis genome and therefore most likely outside any QTL detected by us. Similarly, we did not find any QTL near the slowpoke gene, although some research results indicate that mutations in genes encoding or affecting ion-channel function (also including cac, para and nap) might be a source of intra-specific variation in courtship song of D. melanogaster (Peixoto and Hall, 1998) .
QTL studies involving candidate genes can eliminate genes from further study as potential causal loci. Finding co-occurrence of QTL and candidate genes is not sufficient to determine that a particular gene is involved in determining a trait because each QTL peak covers many loci. Nevertheless, it presents a compelling case for more detailed study of the gene and the surrounding genomic region. The knock-down and knock-out approaches seem a risky way to proceed, because our candidate genes are involved in sex determination and multiple behavioural traits. One of the techniques used to investigate the role of genes in determining species-specific phenotypes is gene transfer. Unfortunately, there are only a few applications of this technique we are aware of related to Drosophila courtship song genes. A transfer of the period gene from Drosophila simulans to D. melanogaster resulted in changes in the species-specific characteristics of circadian locomotor activity and courtship song cycles (Wheeler et al., 1991) . A transfer of nonA between D. virilis and D. melanogaster showed that nonA, like the period gene, might encode species-specific song characters (Campesan et al., 2001) . Unfortunately, transformation studies are still technically complicated, especially for long and complex genes like, for example, fru.
A promising direction for further research lies in molecular studies on the level of DNA sequence. Therefore, the investigation of candidate genes for song in D. montana will go in two directions. First, looking into inter-specific DNA sequence variation within the virilis group of species and, then, relating sequence divergence and evolutionary rates to species-specific song characters using comparative methods. This work is currently in progress, and sufficient sequence coverage was obtained for four candidate genes: cac, fru, mle and tipE. Second, as genome sequencing becomes more feasible, we plan to sequence the transcriptome of D. montana and then use capture sequencing of candidate genes from multiple individuals and populations to test for associations between variation at the molecular and phenotype levels. Such an investigation could ultimately lead to the identification of quantitative trait genes and differences between their alleles, pinpointing the functional changes in DNA sequence that influence song variation involved in sexual selection and speciation.
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